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ABSTRACT To understand the immune response to infec- 
tion by tuberculosis and leprosy bacilli and to develop im- 
proved vaccines, the nature of antigens that are involved in 
humoral and cell-mediated immunity was investigated. We 
have determined that five immunodominant protein antigens 
under study are homologues of stress proteins. This finding and 
observations with other pathogens suggest that infectious 
agents may respond to the host environment by producing 
stress proteins and that these proteins can be important 
immune targets. We postulate that abundant and highly 
conserved stress proteins may have "immunoprophylactic" 
potential for a broad spectrum of human pathogens. 

Mycobacterium tuberculosis and Mycobacterium leprae are 
the etiologic agents of tuberculosis and leprosy, respectively. 
These diseases afflict 20-30 million people and continue to 
present a significant global health problem (1, 2). To develop 
more effective tools for the diagnosis and prevention of these 
diseases, it is important to understand the immune response 
to infection by mycobacterial pathogens. 

The antibody and T-cell responses to infection or inocu- 
lation with killed mycobacteria have been studied in humans 
and in animals. Human patients with tuberculosis or leprosy 
produce serum antibodies directed against at least 12 myco- 
bacterial proteins. Some of these proteins are also recognized 
by well-characterized murine monoclonal antibodies. Mice 
immunized with mycobacterial lysates produce antibodies 
that are directed predominantly to six M. tuberculosis and six 
M. leprae protein antigens (3, 4). Genes encoding these 12 
mycobacterial antigens have been cloned (5-7), and recom- 
binant proteins produced from these clones have been used 
to investigate the human T-lymphocyte response to myco- 
bacterial infection. 

Protection against mycobacterial disease involves cell- 
mediated immunity (1, 8). T lymphocytes cloned from pa- 
tients or from volunteers immunized with killed mycobacte- 
ria have been tested for their ability to recognize the recom- 
binant mycobacterial proteins. Lymphocyte-proliferation 
assays demonstrate that most of the antigens identified with 
monoclonal antibodies are involved in the T-cell response to 
mycobacterial infection or vaccination in mice (9, 10) and in 
humans (11-20). Limiting dilution analysis indicates that 20% 
of the mycobacterial-reactive CD4 + T lymphocytes in mice 
immunized with M. tuberculosis recognize a single protein, 
the 65-kDa antigen (9). 

In view of the involvement of these proteins in humoral and 
cell-mediated immune responses, we wished to obtain clues 
to the functions of these proteins in the mycobacterial cell 
and to sequence the DNA encoding several of the M. 
tuberculosis and M. leprae antigens. § We report here that 
many of these mycobacterial protein antigens exhibit striking 
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sequence similarity to known stress-induced proteins and 
discuss the implications of this observation. 



MATERIALS AND METHODS 

it DNA Clones. The isolation and characteriza- 
tion of M. tuberculosis and M. leprae Agtll genomic DNA 
clones with murine monoclonal antibodies have been de- 
scribed (5, 6). DNA was isolated from these clones and was 
manipulated by standard procedures (21). 

DNA Sequence Analysis. DNA was subcloned into vector 
M13mpl8 or M13mpl9 (New England Biolabs) as suggested 
by the supplier. Dideoxynucleotide chain-termination reac- 
tions and gel electrophoresis of the sequenced products were 
as described (22). DNA sequences were determined for both 
strands of DNA. Computer analysis of sequences with 
UWGCG programs was as described by Devereux et al. (23). 

Inununoblot Analysis. Escherichia coli strain TGI was 
transformed with the following plasmids by standard proce- 
dures (24) With selection for ampicillin resistance: pND5, a 
derivative of pBR325 containing the E. coli groE genes (25); 
pUC8 (26); pUC8 with the insert DNA from Agtll clone 
Y3178 (M. leprae 65-kDa antigen, ref. 6) ligated in the EcdSl 
site. 

Overnight cultures of E. coli strains in Luria-Bertani (LB) 
medium were centrifuged and resuspended in isotonic phos- 
phate-buffered saline at a cell density corresponding to an 
absorbance of 20 at 600 nm. An equal volume of sample buffer 
containing 2% (wt/vol) NaDodS0 4 was added, and, after 
heating on a boiling water bath for 2 min, 5- /A samples were 
electrophoresed on 12% (wt/vol) polyacrylamide gels in the 
presence of NaDodS0 4 . Blots were prepared by electropho- 
retic transfer of the proteins to a nitrocellulose membrane, 
and binding of monoclonal antibodies was assayed with a 
peroxidase-conjugated secondary antibody as described (27). 

RESULTS AND DISCUSSION 

Six M. tuberculosis and six M. leprae proteins have been 
implicated in the immune response to the mycobacterial 
pathogens (Table 1). To obtain clues to the normal cellular 
function of several of these mycobacterial antigens, DNA 
clones encoding these proteins, isolated by using monoclonal 
antibodies to probe Agtll libraries (5, 6), were subjected to 
sequence analysis. The sequences elucidated have been 
submitted to the GenBank sequence database.! 

The Mycobacterial 71-kDa Antigen. The 71-kDa antigen of 
M. tuberculosis is recognized by human T cells during 
infection (Table 1). The insert DNA of Agtll clone Y3271 (5) 

SThe sequences for these proteins have been deposited in the 
EMBL/GenBank data base (IntelliGenetics, Mountain View, CA, 
and Eur. Mol. Biol. Lab., Heidelberg) (accession no. J03838- 
J0384O). 
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Table 1. Mycobacterial protein antigens 
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M. tuberculosis 
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DnaK 
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65* 
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19 
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12 
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M. leprae 










70 


ND 




DnaK 




65 
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GroEL 


18 


36 
28 








12 

_t 


18 
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Plant Hsp 


11 


12 


ND 






12 



Mycobacterial protein antigens, their recognition by human T 
cells, and homology of the deduced mycobacterial protein sequences 
to known proteins are summarized. ND, not determined. + ,Yes; -, 



•Includes data derived from study of the 65-kDa antigen of M. bovis 
BCG (bacillus Calmette-Guenn), which is identical to the M. 
tuberculosis 65-kDa antigen. 

tA. S. Mustafa, J. R. Lamb, D.Y., and R.A.Y., unpublished data. 

was sequenced to obtain amino acid sequence information for 
the 71-kDa antigen of Af. tuberculosis. This clone produces 
a /3-galactosjdase fusion protein containing the carboxyl- 
terminal one-third of the 71-kDa antigen. A comparison of the 
sequence obtained for the carboxyl-terminal one-third of the 
71-kDa antigen with those in the GenBank database^ revealed 
that the M. tuberculosis 71-kDa antigen exhibits 40% amino 
acid sequence identity with the comparable segment of the 
dnaK gene product from E. coli (28) (Fig. 1). Fig. 2A shows 
the extent of sequence similarity between portions of the 
mycobacterial and the E. coli 70-kDa polypeptides. Se- 
quences transcriptionally downstream from the mycobacte- 
rial 71-kDa gene predict a 356-amino acid protein homologous 
to the E. coli dnaJ gene product (unpublished data), indicat- 
ing that the E. coli dnaK-dnaJ operon structure is conserved 
in Af. tuberculosis and consistent with the conclusion that the 
mycobacterial 71-kDa antigen is a homologue of the E. coli 
dnaK gene product. The product of the dnaK gene is a 
member of the 70-kDa heat shock protein family that is highly 
conserved among prokaryotes and eukaryotes (28, 29). 

The Af. leprae 70-kDa antigen cross-reacts with monoclo- 
nal antibodies directed to the Af . tuberculosis 71-kDa protein 
(27). The similarity in size and antigenicity indicate that these 
two mycobacterial proteins are homologues. Thus, we con- 
clude that the 70-kDa antigens of M. tuberculosis and Af. 
leprae are both members of the 70-kDa heat shock protein 
family of stress proteins. 

The Mycobacterial 65-kDa Antigen. The 65-kDa antigens of 
M. tuberculosis and Af. leprae are involved in the human 
T-cell response to mycobacterial infection (Table 1). Genes 
encoding these proteins have been isolated (5, 6) and se- 
quenced (30, 31), revealing that the amino acid sequences of 
the 65-kDa antigens of M . tuberculosis and M. leprae are 95% 
identical. These protein sequences exhibit no significant 
sequence similarity to proteins in the GenBank database.^ 

To identify these proteins, we exploited the observation 
that some monoclonal antibodies directed against the myco- 
bacterial 65-kDa antigens cross-react with an E. coli protein 
of60kDa(Fig. 3). We observed that E. coli cells transformed 



HEMBL/GenBank Genetic Sequence Database (1986) GenBank 
(IntelliGenetics, Mountain View, CA), Tape Release 46.0. 
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EFQPSVQIQVYQGEREIAAHNKLLG 25 
DN*SA*T*H*L****KR**D**S** 

SFELTGIPPAPRGIPQIEVTEDIDA 50 
Q * N * p **H*****H*********** 

NGIVHVTAKDKGTGKENTIRIQEGS 75 
D**L**S****NS***QK*T*KAS* 

GLSKEDIDRMIKDAEAHAEEDRKRR 100 
**NEDE*QK*VR****N**A***FE 

EEADVRNQAETLVYHTEKFVKEQRE 125 
*LVQT***GDH*LHS*R*Q*E*AGD 

GGSKVPEDTWRIGYFGHQVGOGEAG 150 
KLPADDKTAI ESALTALETALKGED 

PGVAGSGASDLRSSSGCVTGHURCP 175 
KAAIEAKMQE*AQV*QKLMEIAQQQ 

PRAAAGRCPPRLGM. tuberculosis 71 kDa 
HAQQQTAGADASAE. coli BQ§!£ (431-618) 

Fig. 1. Comparison of M. tuberculosis 71-kDa antigen and E. coli 
DnaK protein sequences. The sequence of the carboxyl-terminal 363 
amino acids of the 71-kDa antigen (top line) is aligned with the 
corresponding region of the DnaK protein from E. coli (28). Identical 
residues are indicated by a star. 

with the plasmid pND5 (22), which contains the E. coli groE 
genes, accumulate large amounts of the 60-kDa protein (Fig. 
3). A comparison of the mycobacterial 65-kDa protein se- 
quences with those determined for E. coli groEL (C. Wool- 
ford, K. Tilly, C. Georgopoulos, and R.H., unpublished data) 
revealed 60% amino acid sequence identity. The extent of 
this sequence similarity is shown in Fig. IB. 

The 60-kDa GroEL protein is a major stress protein in E. 
coli (29). There is some evidence that the mycobacterial 
65-kDa proteins accumulate in response to stress; Mycobac- 
terium bovis BCG (bacillus Calmette-Gu6rin) cultures grown 
in zinc-deficient medium are substantially enriched in this 
protein (14). We infer that the 65-kDa proteins of Af. 
tuberculosis and Af. leprae are homologues of the E. coli 
GroEL protein. 

Other Mycobacterial Antigens. T lymphocytes that respond 
to the M. tuberculosis 19-kDa antigen and the Af. leprae 
18-kDa antigen have been observed in humans with tuber- 
culosis and leprosy, respectively (Table 1). DNA encoding 
these antigens was sequenced from the Agtll clones Y3148 
(5) and Y3179 (6), respectively. The M. tuberculosis 19-kDa 
protein sequence predicted from the DNA exhibited no 
significant sequence similarity to proteins in the GenBank 
database.!! However, the Af. leprae 18-kDa protein sequence 
was similar to the soybean 17-kDa heat shock protein, a 
protein representative of a major class of plant heat shock 
proteins (ref. 32; A. Nerland and D.S., unpublished data). 

Implications. We find that three of the Af. leprae protein 
antigens and two of the M. tuberculosis protein antigens 
under study exhibit striking sequence similarity to known 
stress proteins. For reasons expressed above, we conclude 
that two of the M. leprae and two of the Af . tuberculosis 
antigens are homologues of the E. coli DnaK and GroEL 
proteins. What is the relationship between stress proteins and 
the host immune response to mycobacterial infection? When 
cells are subjected to a variety of stresses, they respond by 
selectively increasing the synthesis of a limited set of stress 
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Fig. 2. Homologies between mycobacterial ar 



between portions of the M. tuberculosis 71-kDa antigen (residues 1-204; TB 71 kDa) and the E. coli DnaK protein (residues 430-639) (A) and 
the M. tuberculosis 65-kDa antigen (residues 1-540; TB 65 kDa) and the E. coli GroEL protein (residues 1-547) (B). 



proteins. Some stress proteins, including the products of 
dndK and groEL, are major constituents of the cell under 
normal growth conditions and are induced to even higher 
levels during stress (29, 33). In retrospect, the fact that 
stress-related proteins are targets of the immune response 
could have been anticipated. One might expect that immu- 
nodominant antigens would be found among such abundant 



Although the function of stress proteins is not entirely 
clear, it appears that some participate in assembly and 
structural stabilization of certain cellular and viral proteins 
(33-36), and their presence at high concentrations may have 
an additional stabilizing effect during exposure to adverse 
conditions. Phagocytic host cells produce a hostile environ- 
ment for foreign organisms, and the ability to produce stress 
proteins has been implicated in the survival of bacterial 
pathogens within macrophages (37, 38). We postulate that 
these abundant proteins are then among the major antigens 
available for presentation to T lymphocytes and that this may 
contribute to their antigenicity. 

Stress proteins may be common immune targets in a broad 
spectrum of infectious diseases. Sequence analysis has re- 
vealed 70-kDa heat shock protein homologues among major 
antigens of the protozoan parasites Plasmodium falciparum 
(39) and Schistosoma mansoni (40) and the filarial parasite 
Brugia malayi (41). Similarly, homologues of GroEL have 
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Fig. 3. Antigenic cross-reactivity between the 65-kDa antigen of 
mycobacteria and E. coli GroEL. Protein extracts from E. coli strain 
TGI (lanes . 1), TGI plus a plasmid containing the groEL and groES 
genes (pND5) (lanes 2) , TGI plus pUC8 (lanes 3), or TGI plus a pUC8 
derivative containing the insert DNA from the Agtll clone Y3178 (6) 
expressing the 65-kDa antigen of M. leprae (lanes 4) were subjected 
to NaDodSO^/polyacrylamide gel electrophoresis and were electro- 
phoretically transferred to a nitrocellulose membrane. Duplicate 
blots were probed with the monoclonal antibody D7C (A), which 
recognizes a 65-kDa epitope shared by a variety of bacteria, and the 
monoclonal antibody MLIIIE9 (B), which recognizes a 65-kDa 
epitope specific to M. leprae. K, kDa. 



been found among antigens involved in the immune response 
to Salmonella typhimurium and Coxiella (42). The presence 
of stress proteins among major immune targets in a variety of 
human pathogens suggests that the stress response may be a 
general component of infection and that stress proteins 
should be considered among candidates for subunit vaccines. 
Moreover, because the stress response is common to pro- 
karyotes and eukaryotes and some stress proteins are highly 
conserved in sequence (28, 29, 43), it is possible that an 
antigen from one pathogen could immunize against another 
pathogen. Exposure to foreign stress proteins early in life 
might, in fact, induce a degree of immunity to a variety of 
infectious agents. If so, the presence of this immunity could 
provide an explanation for the observation that, for many 
pathogens, only a fraction of infected individuals actually 
acquire clinical disease. 

Immunization with conserved protein antigens, whether 
during natural infection or during vaccination, might also 
have negative consequences. Presentation of a self-like 
determinant may fail to stimulate lymphocytes due to host 
tolerance. Chronic presentation of such determinants might 
occasionally result in breaking of tolerance and production of 
an autoimmune response. 

We have observed ah intriguing relationship between 
stress proteins and the immune response to mycobacterial 
infection. A more detailed examination of stress protein 
determinants and immune response mechanisms is essential 
to understanding the relationships among stress proteins, 
infection, and immunity. 
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